Sound velocities were measured in relaxor single-crystal plates and piezoelectric ceramics including lead free using an ultrasonic precision thickness gauge with high-frequency pulse generation. Estimating the difference in the sound velocities and elastic constants in the single crystals and ceramics, it was possible to evaluate effects of domain and grain boundaries on elastic constants. Existence of domain boundaries in single crystal affected the decrease in Young's modulus, rigidity, Poisson's ratio, and bulk modulus. While existence of grain boundaries affected the decrease in Young's modulus and rigidity, Poisson's ratio and bulk modulus increased. It was thought these phenomena come from domain alignment by DC poling and both the boundaries act as to absorb mechanical stress by defects due to the boundaries. In addition, the origin of piezoelectricity in single crystals is caused by low bulk modulus and Poisson's ratio, and high Young's modulus and rigidity in comparison with ceramics. On the contrary, the origin of piezoelectricity in ceramics is caused by high Poisson's ratio by high bulk modulus, and furthermore, low Young's modulus and rigidity due to domain alignment.
Introduction

What are relaxor materials?
Relaxor materials are one of the ferroelectric materials and show that temperatures to realize the maximum dielectric constants shift to higher temperature, and furthermore, the maximum values decrease with increasing frequency [1] . These phenomena are called "dielectric relaxation". The relaxors are composed of lead-containing complex perovskite structures such as Pb(Zn 1/3 Nb 2/3 )O 3 -PbTiO 3 (PZNT) and Pb(Mg 1/3 Nb 2/3 )O 3 -PbTiO 3 (PMNT). The applications of relaxor had been focused on materials for multilayer ceramic capacitors (MLCC) because of high dielectric constants and lower firing temperature for producing MLCC [2] . Moreover, since relaxors are composed of without PbZrO 3 , which is easy to decompose at high temperatures, they were suitable to produce piezoelectric single crystals in comparison with in the case of wellknown PbTiO 3 -PbZrO 3 (PZT) compositions [3] .
Why do single crystals possess high performance of piezoelectricity?
Piezoelectric ceramic compositions were improved to realize higher electromechanical coupling factor from one-component system such as BaTiO 3 (BT) to binary system of PZT and three-component (PZT 3) system as shown in Figure 1 [4, 5] . Since high piezoelectricity closely relates to ferroelectric domain alignment by DC poling, a research for piezoelectric single crystals without (with no existence of) grain boundary becomes important. In 1982, Kuwata et al. [6] discovered high coupling factor of thickness vibration mode of k 33 around 90% in PZNT single-crystal rod. The reason to obtain higher coupling factor due to domain alignments through DC poling illustrates in Figure 2 from difference between single crystals (oriented domains) and ceramics (multidomains). In DC poling process, ferroelectric domains in single crystals become from multi-domains to oriented domains, and finally single (mono) domain in a crystal bulk, the dimensions of which more than several millimeter, while randomorientated ceramics become practical single domain in a ceramic grain, the dimensions of which around several microns. As the result, high coupling factors due to high domain alignment (high domain anisotropy) are realized in the crystal bulk without grain boundaries in comparison with oriented ceramic grains connected with each other by grain boundaries. 
High electromechanical coupling factor in relaxor single crystals
While relaxor single-crystal rods processed high coupling factor of k 33 mode as mentioned previously, single-crystal plates were studied in cases of other vibration modes [7] . Figure 3 shows single-crystal rod and plate composed of relaxor single crystal and the relationships between the dimensions and electromechanical coupling factors of k 33 (thickness vibration mode), k 31 (length vibration mode), and k 32 (width vibration mode). The DC poling direction is the thickness direction of both the rod and the plate. In the case of the single-crystal plates, it can be expected higher domain alignment in the plates to obtain higher coupling factors of k 31 and k 32 modes. [8] . The reason to obtain high k 31 and d 31 is due to achieve single (mono) domain alignment in the plates. Since PMNT compositions were preferred to produce single crystal in comparison with PZNT compositions because a pyrochlore phase is easily formed in PZNT together with perovskite phase, PMNT single crystal is focused on to fabricate by flux Bridgman method [9] . While the quality of PMNT single crystal was improved through the mass production by trial and error, plate-shaped piezoelectric transducers for medical use were replaced PZT ceramic plate by PMNT single-crystal plate because of high k t and high frequency of around 5 MHz (Figure 4 ) [5, 9] . Table 2) . Therefore, it was clarified that the measurement of sound velocities is effective tool to precisely evaluate local domain alignments in single-crystal plates. 
Piezoelectric and elastic constants
Effect of domain boundaries on elastic constants
Frequency responses in single-crystal plates
Frequency responses of impedance in the plates were measured to investigate the vibration modes. There are k t fundamental and the overtones of 3rd, 5th, and 7th without any spurious responses in range from 1 to 50 MHz (Figure 13) . Calculating from the impedance responses of k t fundamental, the average k t , and the standard deviation are 63.1% and σ = 0.25% (n = 6 pcs.). spurious responses in Nos. 5 and 6 (Figure 14) . Since the complicated responses were related to k 31 , k 32 modes and their overtones [12] , it was evident that different domain configurations exist in the plates of Nos. 5 and 6 as well as the investigation on measuring sound velocities. 
Observation of ferroelectric domains by transmission optical microscope
Single-crystal plates removed electrodes for DC poling use, after DC poling and after depolarization at 200°C, were investigated by a transmission type optical microscope under cross nicol to directly observe the domain configurations. , it can be concluded that the domain alignments have already existed in as-grown single-crystal plate such as grain boundaries in ceramics (it means domain boundaries just like grain boundaries). It was thought that these boundaries come from some kinds of mechanical stress because single-crystal plates are quite uniform from the viewpoints the investigation of the chemical compositions and the physical properties analyzed by XRD in the plates [9] . 
Elastic constant of PMNT70/30 single-crystal plates and ceramics
PMNT70/30 ceramics were fabricated to compare the two bodies, single-crystal plates, and ceramics. Evaluating elastic constants calculated by sound veracities, it was thought that effects of domain and grain boundaries on elastic constants can be clarified in both the cases. Table 3 shows dielectric and piezoelectric properties in PMNT70/30 single-crystal plates and ceramics. PMNT ceramics possessed the properties as follows: one-quarter of d 33 , a half of ε r and two-third of k t in comparison with the vales of PMNT single-crystal plates. Table 4 shows elastic constants in PMNT70/30 single-crystal plates and ceramics after DC poling. PMNT single-crystal plates possessed the properties as follows: almost same V L , however, extremely large V S (+1000 m/s), as the result, small σ in comparison with the σ of PMNT ceramics. It is thought that the differences in the both are due mainly to grain boundaries as discussing later. . Grain boundaries also act as to absorb mechanical stress by the defects due to the boundaries. Furthermore, increasing k (k 31 , k 32 , and k t ) in single crystal, Y and G decrease, and σ and K increase as same as the ones of piezoelectric ceramics. It was thought that these counter phenomena (Y and G decrease, and σ and K increase) for increasing k between PMNT single-crystal plates and PMNT ceramics are due to domain alignment by DC poling field [11] . Figure 18 shows the relationships between ratio of V S to V L ; V S /V L , σ, and K in PMNT singlecrystal plates and piezoelectric ceramics including PMNT ceramics. Since decreasing V S /V L increasing coupling factor (k) from a result of our previous study [11] , k increases with increasing σ and K in both the cases of single crystal and ceramic. However, the σ and K in single crystal are extremely small in comparison with the ones in ceramics; especially the σ in single crystal after depolarizing is zero. While the σ in ceramics distributes from 0.38 to 0. 
Piezoelectric properties and elastic constant in PMNT70/30 single-crystal plates and ceramics
Relationships between sound velocities, Poisson's ratio, and bulk modulus
Origin of piezoelectricity in single-crystal plates and ceramics
From the viewpoints of elastic constants in single crystal and ceramics, the origin of piezoelectricity of both was proposed from viewpoints of elastic constants. In single crystal, low K accompanied with high Y and G and low σ is significant to realize high k because single crystal exhibits one grain (no grain boundary) with single domain (Figure 17) . On the contrary, in ceramics high σ caused by high K accompanied with low Y and G is significant to realize high k because same charges introduced by domain alignment in each grain repulse each other after DC poling [11] . The repulsion of oriented domains in grains acts as increasing σ with increasing K and decreasing Y and G, as the results, high k can be achieve in ceramics with multi grains (practical single domain in one grain). Therefore, the origin of piezoelectricity in ceramics is said that the existence of grain boundaries; furthermore, the grain orientation accompanied with domain alignment between ceramic grains is the key. Figure 19 is summarized the relationships between domain alignment, size dimensions, origin of piezoelectricity, and effect of DC poling on elastic constants in single crystal and ceramics through our investigation of the measurement on sound velocities. From this figure, it is clearly understand between single and oriented domains in single crystal, and the relationships between size dimensions, domain and grain alignments, and the effect of DC poling on elastic constants in piezoelectric materials. Figure 19 . Relationships between domain alignment, size dimensions, piezoelectricity, and effect of DC poling on elastic constants in single crystal and ceramics.
Summary
Roles of domain and grain boundaries in relaxor single-crystal plates and ceramics were clarified by measuring sound velocities. Effect of domain boundaries on elastic constants was evaluated by the effect of DC poling on elastic constants in (100)0.70Pb(Mg 1/3 Nb 2/3 )O 3 -0.30PbTiO 3 relaxor single-crystal plates. Effect of grain boundary on elastic constants was evaluated by comparing elastic constant in the relaxor single crystals and the ceramics. Finally, the different origins of piezoelectricity in single crystals and ceramics were proposed through our investigation of the measurement on sound velocities.
